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ANTI-ALIASING DIFFRACTIVE APERTURE 
AND METHOD OF USING SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to the ?eld of 

optical systems, and peci?cally, to an anti-aliasing diffrac 
tive aperture for reducing aliasing effects. 

2. Background Information 
Optical systems that discretely sample images on detector 

arrays produce aliasing effects in the displayed image. 
Aliasing occurs in detector arrays When the spatial frequen 
cies in the image are higher than the detector array’s Nyquist 
frequency (i.e., half the sensor sampling frequency). Color 
Filter Arrays (“CF ”) integrated into discretely sampled 
detector arrays introduce color-aliasing effects. An example 
of aliasing effects in a monochrome (black and White) TV 
image are Moire effects that cause an image having a 
periodic structure to move and change patterns When the 
image moves relative to a charge coupled device (“CCD”) 
detector array and has dimensions commensurate With the 
pixel dimensions of the detector array. An example of color 
aliasing effects in a CPA CCD detector system is the similar 
Moire effects that cause an image having a periodic structure 
to move, change patterns, and change color When the image 
moves relative to the detector array and has dimensions 
commensurate With the pixel dimensions of the detector. For 
example, When a building, having very narroW columns, is 
carefully observed on a TV using a CPA detector system in 
a camera, some columns Will have a red tint, some a green 
tint, and some a blue tint. As the camera moves, the tinted 
pattern shifts from one column to another. 

One solution for eliminating or minimiZing aliasing 
effects involves the addition of a quartz plate in front of the 
detector array. The quartZ plate blurs and reduces the sharp 
ness of the image just the right amount to minimiZe such 
aliasing effects. HoWever, quartZ plates are very expensive, 
virtually costing as much as a lens system. Another solution 
involves the use of molded structures near the aperture stop 
of a lens system. These structures typically use a single, very 
Weak (i.e., having a height of a feW Wavelengths of light), 
four-sided pyramid to form four displaced images at the 
detector array surface. Because each of these four images are 
formed by a section of the aperture that looks like one 
quarter of a pie, the image structure is a function of the siZe 
of the aperture stop, the object distance, and the Zoom 
position. In essence, this pyramidal feature divides the 
incident Wavefront from a point object into four pie-shaped 
Wavefronts that converge to four blurred images at the 
detector. HoWever, this type of anti-aliasing feature is unde 
sirable because the amount of anti-aliasing required changes 
as the siZe of the aperture stop, the object distance, and the 
Zoom position changes. 

Accordingly, there is a need in the art for a method and 
apparatus for minimiZing aliasing and color aliasing com 
monly associated With digital cameras that discretely sample 
an image produced by an optical system. 

The present invention is an anti-aliasing aperture and 
method of using the same. In one embodiment, an anti 
aliasing method includes passing light through an aperture 
stop, and diffracting the light passing through the aperture 
stop for spreading an image of a point object to cover more 
than a pixel on a detector array. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention Will 
become parent from the folloWing detailed description of the 
present invention in which: 
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2 
FIG. 1 illustrates an exemplary embodiment of an optical 

system. 
FIG. 2 illustrates an embodiment of the aperture stop of 

FIG. 1 having relative aperture of f/8.0. 
FIG. 3 illustrates the intensity distribution of a point 

image PSF for the f/8.0 aperture stop of FIG. 2. 
FIG. 4 illustrates a contour plot of the f/8.0 PSF of FIG. 

3 
FIG. 5 illustrates the exemplary optical system of FIG. 1 

using one embodiment of an aperture stop of the present 
invention. 

FIG. 6 illustrates an expanded vieW of the aperture stop of 
FIG. 5. 

FIG. 7 illustrates the PSF plot for the green channel of the 
four aperture, aperture stop of FIG. 5. 

FIG. 8 illustrates the PSF contour plot of FIG. 7 for the 
green channel. 

FIG. 9 illustrates the PSF contour plot of FIG. 7 for the red 
channel. 

FIG. 10 illustrates the PSF contour plot of FIG. 7 for the 
blue channel. 

FIG. 11 illustrates the modulation transfer function per 
formance of the optical system of FIG. 1 using a single f/8.0 
aperture geometry. 

FIG. 12 illustrates the MTF performance of the optical 
system of FIG. 1 using the four f/16.0 aperture geometry of 
FIG. 6. 

DETAILED DESCRIPTION 

In one embodiment, the present invention is a method and 
apparatus for providing an anti-aliasing diffractive aperture 
to reduce aliasing effects in an optical system. The present 
invention uses diffraction at the aperture stop to introduce 
spreading of a point image. The aperture stop includes an 
array of apertures Whose total area provides the light 
gathering capacity required of the optical system. By select 
ing the siZe and shape of the apertures, the basic intensity 
distribution in the image Point Spread Function (“PSF”) can 
be controlled. In addition, by selecting the number of 
apertures and the orientation of the array, the non-symmetric 
PSF and the distribution of energy Within the PSF can be 
controlled. It is important to note that the resolution and 
orientation of a detector array are the primary factors in 
determining the amount of intensity distribution needed to 
reduce aliasing effects. In one embodiment, it is desirable to 
spread a point image over more than one pixel in a detector 
array in order to reduce aliasing effects. 

In the folloWing description, for purposes of explanation, 
numerous details are set forth in order to provide a thorough 
understanding of the present invention. HoWever, it Will be 
apparent to one skilled in the art that these speci?c details 
are not required in order to practice the present invention. 

FIG. 1 illustrates an exemplary embodiment of the optical 
system 100. Referring to FIG. 1, the exemplary optical 
system 100 includes lens elements 102, 104, 106, and 108, 
a WindoW 110, a detector array 112 (e.g., a charge coupled 
device “CCD”, CMOS, etc. detector array), and an aperture 
stop 120. The aperture stop 120 has an outer ring surface 122 
Which is opaque to light and an aperture 124 Which alloWs 
light to pass therethrough. As light passes through the 
aperture 124, the light close to the outer ring surface 122 
becomes perturbed. When light converges on the detector 
array 112, instead of being a perfect point, the light is 
slightly blurred because of the perturbation. This effect is 
diffraction of the Wavefront. 
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When the relative aperture of an optical system is “fast” 
(e.g., an f/2.0 relative aperture), diffraction spreading of the 
image of a point object is negligible because the perturbation 
is a small percentage of the total area of the aperture 124 and 
the light passing therethrough. When the relative aperture is 
“moderate” (e.g., an f/8.0 relative aperture), diffraction 
spreading of the image of a point object is small, but 
measurable as compared to an aperture stop having an f/2.0 
relative aperture. When the relative aperture is “sloW” (e.g., 
an f/16.0 relative aperture), diffraction spreading of the 
image of a point object is readily observed and is larger than 
the pixel dimensions of a detector array in typical digital 
imaging systems. 

FIG. 2 illustrates an embodiment of the aperture 124 of 
FIG. 1 having a relative aperture of f/8.0. In one 
embodiment, the aperture 124 is 1.3 mm in diameter, 
although other dimensions may be used in lieu thereof. FIG. 
3 illustrates the intensity distribution (point spread function 
“PSF”) of a point image for the f/8.0 relative aperture of 
FIG. 2. Referring to FIG. 3, the intensity distribution 
includes a fairly sharp peak 130 and a ring 140 having a 0.05 
peak illuminance. FIG. 4 illustrates a contour plot of the 
f/8.0 PSF of FIG. 3. 

Referring to FIG. 4, the contour plot includes a number of 
contour rings including ring 132 having a 0.75 peak 
illuminance, ring 134 having a 0.5 peak illuminance, ring 
136 having a 0.25 peak illuminance, ring 138 having a 0.125 
peak illuminance, and ring 140 having a 0.05 peak illumi 
nance. The diameter 142 of the PSF is 0.008 mm Which falls 
Within the 0.010 mm pixel dimension of a typical detector 
array. In this embodiment, diffraction does not produce 
much image spreading for the f/8.0 relative aperture. 
Therefore, aliasing is not reduced. 

FIG. 5 illustrates the exemplary optical system 100 of 
FIG. 1 using one embodiment of an aperture stop of the 
present invention. Referring to FIG. 5, the optical system 
includes an aperture stop 150 having a surface 152 Which is 
opaque to light and four apertures 154 (not to scale). 
Although the aperture stop 150 includes four apertures, the 
present invention may utiliZe any number of apertures 
greater than one in order to spread a point image over one 
or more pixels. In one embodiment, the multiple aperture, 
aperture stop 150 of the present invention spreads out a point 
image to cover several pixels on the detector array 112. 

FIG. 6 illustrates an expanded vieW of the aperture stop 
150 of FIG. 5. Each aperture 154 has a f/16.0 relative 
aperture. The four f/ 16.0 apertures provide as much light as 
one f/8 aperture, Which is suf?cient for detector arrays in 
bright object ?eld illuminance conditions. In this 
embodiment, each aperture 154 is circular Which causes the 
spreading of a point image to be rotationally symmetric 
(e.g., Airy pattern). Moreover, in one embodiment, each 
aperture is 0.65 mm in diameter and the center of each 
aperture 154 is 0.65 mm in the X-direction and 0.65 mm in 
the Y-direction from the center of the aperture stop 150. The 
total area of the apertures 154 is the same as the area of the 
single aperture 124 of FIG. 2. HoWever, since each f/16 
aperture 154 is smaller than the f/8 aperture 124 of FIG. 2, 
each aperture 154 diffracts more light passing therethrough. 
In addition, With four apertures 154, the light passing 
through each aperture 154 Will interfere With itself at the 
detector surface. 

It is important to note that the diffraction is Wavelength 
(color) dependent. The siZe of the diffraction pattern varies 
With Wavelength. The red image is about 85% of the green 
image and the blue image is about 22% larger than the green 
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4 
image. This behavior may be combined With the color 
aberrations of the optical system to achieve a more 
Wavelength-independent behavior, but this is a second-order 
effect on the appearance of the reconstructed image vieWed 
on a monitor. 

FIG. 7 illustrates the PSF plot for the green channel of the 
four aperture, aperture stop 150 of FIG. 5. For a point object, 
the diffracted light passing through each aperture 154 inter 
feres With its neighboring apertures to provide the PSF 
shoWn in FIG. 7. That is, the PSF plot is the result of the 
summation of the light passing through the four apertures 
154. Referring to FIG. 7, the PSF includes a sharp peak 160 
at the center, Which is smaller than the sharp peak 130 of 
FIG. 3, and a plurality of smaller peaks 162 around the 
center peak 160. 

FIG. 8 illustrates the PSF contour plot of FIG. 7 for the 
green channel. The maximum dimension 164 of this PSF is 
0.015 mm Which is almost tWice as big as the 0.008 diameter 
of the single aperture f/8 of FIG. 4. If the energy is not 
distributed With radial symmetry With respect to a detector 
array, the aperture stop 150 of FIG. 5 may be rotates (by any 
number of degrees) to maximiZe the energy falling on, for 
example, a number of adjacent pixels (e.g., four) on the 
detector array. Thus, With one embodiment of the present 
invention, a point image is spread to cover more than one 
pixel Which reduces aliasing effects. 

FIG. 9 illustrates the PSF contour plot of FIG. 7 for the red 
channel Which is 85% of the green channel dimensions. The 
maximum dimension 166 of this PSF is 0.01275 mm. FIG. 
10 illustrates the PSF contour plot of FIG. 7 for the blue 
channel Which is 22% larger than the green channel dimen 
sions. The maximum dimension 168 of this PSF is 0.0183 
mm. By controlling the siZe and shape of one or more 
apertures in the array, color distribution of the spot siZe can 
also be modi?ed, to compensate for some color aberrations 
in the lens. 

It is to be noted that the geometry of the array of apertures 
affects the spreading of energy in the PSF. In the embodi 
ment shoWn in FIG. 6, the array consists of four circular 
apertures 154 on a square grid. For this geometry the PSF 
consists of about nine closely-spaced spots (see, e.g., FIG. 
8). In the embodiment of FIG. 6, the separation betWeen the 
apertures 154 controls the distance betWeen the nine spots of 
FIG. 8, While the diameter of the apertures 154 controls the 
irradiance distribution across the nine spots. 

It is to be appreciated by one skilled in the art that the 
present invention includes other embodiments and that the 
embodiment shoWn is merely exemplary. For example, in 
another embodiment, the present invention may include an 
aperture stop having three f/ 12.0 circular apertures placed in 
a triangular orientation. In this embodiment, the three f/ 12.0 
apertures provides as much light as one f/8 aperture. In a 
further embodiment, the aperture stop may include ?ve f/20 
apertures placed in a pentagon orientation to provide spread 
ing of a point image. In yet a further embodiment, the 
aperture stop may include different siZe apertures. 
The present invention further contemplates that the shape 

of the apertures may be changed. For example, if the 
aperture stop includes four rectangular apertures (instead of 
circular), the spreading of the PSF consists of four orthogo 
nal spikes. If the aperture shape is triangular, the spreading 
consists of six spikes. If the aperture shape is annular, the 
spreading is radial and rotationally symmetric. That is, the 
use of an annular aperture or a series of annular apertures 
nested inside one another may be used to produce radial 
spreading of the image Which has rotational symmetry. In a 
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further embodiment, each aperture may have a different 
shape such as, but not limited or restricted to, a square, 
rectangle, triangle, or any other shape Which causes an 
asymmetric spot pattern on the detector array. 

The theorem Which describes the energy distribution of 
light from multiple apertures is called “The Array Theorem.” 
This theorem states that the diffraction pattern of an array of 
apertures consists of tWo separable features. If the array 
pattern is reduced to point apertures, the image Will consist 
of the Fourier Transform of this array (e.g., a rectangular 
grid of apertures Will produce a different siZed rectangular 
grid of point images). The non-point geometry of each real 
aperture Will then produce a diffraction pattern irradiance 
distribution across the points in the image grid. 

FIG. 11 illustrates the modulation transfer function 
(“MTF”) performance of the optical system of FIG. 1 using 
a single f/8.0 aperture geometry. The MTF represents the 
resolution as a function of the spatial frequency in the image 
plane. As can be seen, the MTF curves are relatively high. 
For example, at 50 lines per millimeter, the modulation 
exceeds 50% for the Worst case in the ?eld of vieW. 

FIG. 12 illustrates the MTF performance of the optical 
system of FIG. 1 using the four f/16.0 aperture geometry of 
FIG. 6. The MTF at 50 lines per/mm for the four f/16.0 
aperture geometry is about half the MTF for the single 
aperture geometry and all object ?eld points have nearly the 
same MTF performance. That is, the MTF at higher fre 
quencies drops doWn and this behavior reduces aliasing 
effects. The multi-aperture geometry of the present invention 
can be modi?ed to achieve greater PSF spreading and loWer 
MTF if required. The ideal case is for the MTF to be Zero at 
50 lines per/mm. 

It is to be appreciated that the four lens-element optical 
system shoWn in FIGS. 1 and 5 is merely exemplary (e.g., 
for illustration purposes only) and that the anti-aliasing 
aperture stop of the present invention (With its numerous 
variations described herein) may be implemented in other 
types of optical systems having, for example, any number of 
lens elements, any type of detector array, etc. 
A further feature of the present invention is that the 

aperture stop of the present invention may be manually 
placed in the optical system of FIG. 1 by the user. This 
concept is similar to an iris diaphragm changing the f/-stop 
of an optical system. A manufacturer in the factory (or the 
user in the ?eld) can select the aperture geometry that gives 
the best trade betWeen anti-aliasing and image resolution by 
simply placing a different aperture stop in the optical path. 

The advantage of the present invention is that aliasing can 
be reduced by controlling the siZe, shape, and orientation of 
an array of apertures. This is an inexpensive solution 
because it requires a simple modi?cation of an already 
existing aperture stop. Prior art anti-aliasing mechanisms 
such as quartZ plates are expensive and take up extra space 
in the optical system. 

The control of the siZe, shape, and energy distribution 
Within the PSF is a novel feature that is easily achieved by 
this multiple-aperture diffraction concept but can only be 
achieved With dif?culty by other means in the prior art. The 
method of this invention provides image structure advan 
tages to the control of the shape and energy distribution 
features Which are not provided by most prior art methods 
(but are provided by expensive stacks of birefringent quartZ 
plates). 

While certain exemplary embodiments have been 
described and shoWn in the accompanying draWings, it is to 
be understood that such embodiments are merely illustrative 
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6 
of and not restrictive on the broad invention, and that this 
invention not be limited to the speci?c constructions and 
arrangements shoWn and described, since various other 
modi?cations may occur to those ordinarily skilled in the art. 
What is claimed is: 
1. An anti-aliasing method comprising: 
passing light through an aperture stop; and 
diffracting the light passing through the aperture stop for 

spreading an image of a point object to cover more than 
a pixel on a detector array. 

2. The anti-aliasing method of claim 1 Wherein transmit 
ting light through the aperture stop comprises transmitting 
light through the aperture stop having tWo or more apertures. 

3. The anti-aliasing method of claim 2 Wherein diffracting 
light passing through the aperture stop comprises diffracting 
light passing through the tWo or more apertures of the 
aperture stop for spreading the image of the point object to 
cover more than a pixel on the detector array. 

4. The anti-aliasing method of claim 1 Wherein transmit 
ting light through the aperture stop comprises transmitting 
light through the aperture stop having three circular aper 
tures. 

5. The anti-aliasing method of claim 4 Wherein transmit 
ting light through the aperture stop comprises transmitting 
light through the aperture stop having three circular aper 
tures oriented in a triangular con?guration. 

6. The anti-aliasing method of claim 1 Wherein transmit 
ting light through the aperture stop comprises transmitting 
light through the aperture stop having four circular aper 
tures. 

7. The anti-aliasing method of claim 6 Wherein transmit 
ting light through the aperture stop comprises transmitting 
light through the aperture stop having four circular apertures 
oriented in a rectangular con?guration. 

8. The anti-aliasing method of claim 1 Wherein transmit 
ting light through the aperture stop comprises transmitting 
light through the aperture stop having at least tWo annular 
Zones nested inside one another. 

9. An anti-aliasing method in an optical system including 
a detector array having an array of pixels, comprising: 

transmitting light through an aperture stop positioned 
betWeen an object plane and the detector array; and 

diffracting the light passing through the aperture stop for 
spreading an image of a point object to cover more than 
a pixel on the detector array. 

10. The anti-aliasing method of claim 9 further compris 
ing positioning a lens element betWeen the object plane and 
the detector array. 

11. The anti-aliasing method of claim 9 Wherein trans 
mitting light through the aperture stop comprises transmit 
ting light through the aperture stop having tWo or more 
apertures. 

12. The anti-aliasing method of claim 11 Wherein diffract 
ing light passing through the aperture stop comprises dif 
fracting light passing through the tWo or more apertures of 
the aperture stop for spreading the image of the point object 
to cover more than a pixel on the detector array. 

13. The anti-aliasing method of claim 9 Wherein trans 
mitting light through the aperture stop comprises transmit 
ting light through the aperture stop having tWo or more 
apertures shaped to cause an asymmetric spreading of the 
image of the point object. 

14. An anti-aliasing apparatus comprising: an aperture 
stop including tWo or more apertures to diffract light passing 
therethrough and provide spreading of an image of a point 
object to cover more than one pixel on a detector array. 

15. The anti-aliasing apparatus of claim 14 Wherein the 
aperture stop includes four circular apertures. 
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16. The anti-aliasing apparatus of claim 14 wherein the 
tWo or more apertures comprise tWo or more annular Zones 

nested inside one another. 
17. An optical system comprising: 
a detector array having an array of pixels; 

an aperture stop positioned betWeen an object plane and 
said detector array, said aperture stop including at least 
tWo apertures to diffract light passing therethrough and 
provide a controlled spreading of an image of a point 
object to cover more than one piXel on said detector 
array; and 
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a lens element positioned betWeen said object plane and 

said detector array. 
18. The optical system of claim 17 Wherein said lens 

element is positioned betWeen said aperture stop and said 
detector array. 

19. The optical system of claim 17 Wherein the aperture 
stop includes four apertures. 

20. The optical system of claim 19 Wherein said four 
apertures are positioned in a substantially rectangular con 
?guration around a center of the aperture stop. 

* * * * * 
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